A major objective of the National Human Exposure Assessment Survey (NHEXAS) performed in Arizona was to conduct residential environmental and biomarker measurements of selected pesticides (chlorpyrifos, diazinon), volatile organic compounds (VOCs; benzene, toluene, trichloroethene, formaldehyde, 1,3-butadiene), and metals for total human exposure assessments. Both personal (e.g., blood, urine, dermal wipes, 24 h duplicate diet) and microenvironmental (e.g., indoor and outdoor air, house dust, foundation soil) samples were collected in each home in order to describe individual exposure via ingestion, inhalation, and dermal pathways, and to extrapolate trends to larger populations. This paper is a preliminary report of only the microenvironmental and dermal wipe data obtained for the target pesticides and VOCs, and provides comparisons with results from similar studies. Evaluations of total exposure from all sources and pathways will be addressed in future papers. The pesticides and VOCs all showed log-normal distributions of concentrations in the Arizona population sampled, and in most cases were detected with sufficient frequency to allow unequivocal description of the concentration by media at the 90th, 75th, and 50th (median) percentiles. Those combinations of pollutant and media, in which a large fraction of the measurements were below the detection limit of the analysis method used, included trichloroethene, 1,3-butadiene, and formaldehyde in outdoor air; chlorpyrifos and diazinon in outdoor air; and diazinon in dermal and window sill wipes. In general, indoor air concentrations were higher than outdoor air concentrations for all VOCs and pesticides investigated, and VOC levels were in good agreement with levels reported in other studies. In addition, the agreement obtained between co-located VOC samplers indicated that the low-cost diffusional badges used to measure concentrations are probably adequate for use in future monitoring studies. For the pesticides, the median levels found in indoor samples agreed well with other studies, although the levels corresponding to the upper 0.1±1% of the population were considerably higher than levels reported elsewhere, with indoor air levels as high as 3.3 and 20.5 g /m 3 for chlorpyrifos and diazinon, respectively. These data showed excellent correlation (Pearson and Spearman correlation coefficients of 0.998 and 0.998, respectively) between chlorpyrifos in indoor air and in the corresponding dermal wipes, and relatively poor correlation between chlorpyrifos in dust (g /g or g /m 2 ) and dermal wipes (Pearson=0.055 g /g and 0.015 g /m 2 ; Spearman=0.644 g /g and 0.578 g /m 2 ). These data suggest the importance of dermal penetration of semi-volatiles as a route of residential human exposure.
Introduction
The National Human Exposure Assessment Survey (NHEXAS) conducted in Arizona (Lebowitz et al., 1995) was one of three such studies funded by the U.S. Environmental Protection Agency (EPA) to evaluate exposure assessment procedures, account for all relevant pathways (inhalation, dermal absorption, and ingestion) of exposure to multiple pollutants (metals, pesticides, and volatile organic compounds [VOCs] ) in multiple environmental (air, house dust, soil, drinking water, food) and biological (blood, urine) media, characterize ranges of exposure (including the 90th percentile), and support the design of an eventual nationwide total human exposure study (Sexton et al., 1995a,b) . To obtain a sample that was representative of the entire state and provide concentration and exposure estimates for the entire population of the state, the NHEXAS Arizona study employed a probability-based sampling framework, similar to that used in EPA's Total Exposure Assessment Methodology (TEAM) study (Wallace, 1987) . This paper is a preliminary report of only the microenvironmental and dermal wipe data obtained for the target pesticides and VOCs, and provides comparisons with results from similar studies. Results obtained for the metals of interest in each of the media examined are discussed in a companion paper (O'Rourke et al., 1999) . Evaluations of total exposure from all sources and pathways will be addressed in future papers. The present paper also summarizes the procedures used for the primary pesticides and VOCs selected for evaluation in the NHEXAS Arizona study. The primary pesticides, chlorpyrifos and diazinon, were chosen largely on the basis of their widespread use and various pesticide exposure studies conducted in the U.S. (Murphy et al., 1983; Lewis et al., 1988 Lewis et al., , 1994 Whitmore et al., 1994; Buckley et al., 1997; Mukerjee et al., 1997b) . These organophosphate (OP) pesticides are known to have toxic endpoints and may have carcinogenic endpoints. OP insecticides accounted for onethird of all reported pesticide poisonings in the U.S. in 1990, and diazinon and chlorpyrifos accounted for 50% of the OP reports (Kamrin, 1997) . Acute toxicity for OP insecticides involves acetylcholinesterase inhibition, with nausea, vomiting, difficulty in breathing, blurred vision, confusion, and ultimately paralysis (Salem and Olajos, 1988) . Low-dose chronic exposure can lead to the same effects, and a host of neurological symptoms such as impaired memory, disorientation, and delayed reaction times (Kamrin, 1997) . While both diazinon and chlorpyrifos are thiophosphate insecticides, rather than strict OPs, both are oxidized to the corresponding OP (e.g., diazoxon) in the environment (Glotfelty et al., 1990) , and these OP forms are highly toxic and exhibit about 10,000 times higher acetyl cholinesterase inhibition (Fujii and Asaka, 1982) . Diazinon use in the garden or orchard has been associated with increased incidence of brain cancer in children, relative to cancer controls and adjusted for exposure to tobacco smoke, income, and education (Davis et al., 1993) . Hospital case studies (Woody, 1984; Zweiner and Ginsberg, 1988) and indoor monitoring (Fenske et al., 1990) have shown that acute exposures, exceeding the No Observable Effect Limit (NOEL), can occur after application in the residential environment.
Not only are the toxicity and other adverse health effects of these chemicals clearly established, but recent large-scale exposure studies have indicated that they are among the most widely used and frequently detected pesticides in the U.S. (Murphy et al., 1983; Lewis et al., 1988; Fortmann et al., 1991) . Metabolites of chlorpyrifos and diazinon have been detected in some urine samples. They have also been detected in food and municipal drinking water, indicating multiple routes of exposure (Lin et al., 1981; Schattenberg and Hsu, 1992) . Because the highly exposed populations for diazinon and chlorpyrifos are those which routinely treat the home for insect control with bombs, sprays, no-pest strips, crack-and-crevice treatments, or commercial applications, the potential exposure pathways are inhalation, dermal contact, and ingestion. The additional uses of these pesticides on lawns, in gardens, and on home foundations during construction suggest that exposures may occur outdoors as well as indoors.
Three primary VOCs (benzene, 1,3-butadiene, formaldehyde) were selected for evaluation because of their importance as potential health hazards. Toluene and trichloroethene were included as secondary VOCs. Trichloroethene is a potential teratogen and occurs widely in drinking water in Arizona (Goldberg et al., 1990) ; toluene is included because it is toxic and can be used to determine sources of benzene. Wallace (1991) has shown that the individual lifetime cancer risk estimates for formaldehyde and 1,3-butadiene are of the same order as, or possibly even higher than, the airborne risks calculated for benzene. Another study has suggested that 1,3-butadiene and formaldehyde, along with benzene, make the greatest relative contribution to overall VOC-related cancer risk, namely, 41% for 1,3-butadiene, 18% for benzene, and 15% for formaldehyde (Dann and Wang, 1992) . However, there still appears to be uncertainty about the carcinogenic potency of formaldehyde. Also, the lack of personal exposure or indoor concentration data for 1,3-butadiene makes risk estimates for both compounds somewhat speculative (Wallace, 1991) .
Exposure to benzene occurs mainly as a result of active and passive smoking, driving and other personal activities associated with motor vehicles, use of attached garages for parking cars, or from storing gasoline (Wallace, 1987; Clobes et al., 1992) . High doses affect the central nervous system, while exposure levels as low as 1 ppm are reported to result in a high risk of leukemia and anemia in children. Studies have shown that children of smokers die of leukemia at more than twice the rate of children of nonsmokers (Wallace, 1991) .
Human exposure to formaldehyde is principally through inhalation and skin absorption, or less frequently by ingestion (Sittig, 1985) . In addition to its designation as a suspect carcinogen and mutagen, formaldehyde in the gas phase is an eye, nose, and throat irritant (WHO, 1989) . Potential sources of formaldehyde exposure include building materials (urea±formaldehyde foam insulation, pressed wood products, particle board, adhesives, carpeting, new furniture), consumer products (cleaners, fabric softeners), permanent-press fabrics, paper products, cosmetics, and incomplete combustion (vehicle exhaust, emissions from gas stoves, burning cigarettes, wood smoke) (Cooke, 1991) . Indoor air concentrations are generally significantly higher than outdoor concentrations.
Environmental tobacco smoke is an important indoor source of 1,3-butadiene (Lofroth et al., 1989) . Vehicle emissions are a major outdoor source of this pollutant (Lofgren and Petersson, 1992) , and vehicle exhaust and evaporative emissions of fuel from vehicles may enter the living space of houses with attached garages (Hodgson and Wooley, 1991) . Low levels of 1,3-butadiene have been measured in ambient urban air (Cote and Bayard, 1990; Lofgren and Petersson, 1992) . Although it is a probable human carcinogen (Hallenbeck, 1992) , data on indoor levels of 1,3-butadiene are sparse (Sheldon et al., 1992) .
Methods

Pesticides
The primary pesticides of interest in the NHEXAS Arizona Phase I field study were chlorpyrifos and diazinon. The pesticides of secondary interest were malathion and carbaryl, these being of less concern as a source of residential environmental exposure and of greater concern for dietary ingestion. For this reason, this discussion will deal only with chlorpyrifos and diazinon.
Air Sampling Personal, fixed indoor, and fixed outdoor air sampling for pesticides was accomplished using the URG-2000 sampler unit with 10 m particle inlet, Teflon-coated glass fiber filter (25 mm diameter, Pallflex T60A20), and polyurethane foam (PUF; 25 mmÂ76 mm) sorbent. Sampling was carried out at 4 l/min with a personal sampler pump (Model 224-PCXR8, SKC). Outdoor air was sampled to give an integrated 24-h sample over a 3-day period, indoor air was sampled for an integrated 12-h period over 3 days, and personal air was sampled to give an integrated 8-h sample over a 1-day period. The fixed site samples were located inside the home and outside, as described below for the VOC samplers. The filters and PUF were cleaned with acetone (by Soxhlet extraction) prior to use; sampler glassware and Teflon inlets were cleaned between use with methanol; inlet impactor plates were cleaned between use with a clean toothbrush to remove particles and diethyl ether to remove residual impactor plate oil (Dow Corning Silicone 704 diffusion pump fluid). Impactor plates were re-oiled before use with 50 l of the silicone oil. On completion of sampling, filter and PUF were placed together in a 4% thick polyethylene zip-seal bag for shipping and storage before analysis. Because of the small number of samples with detectable levels, personal and outdoor air sampling and analysis was discontinued during the course of the project.
Dust Sampling The collection of dust from floors was accomplished with a vacuum device specifically fabricated for this program, with portability and efficiency of cleaning between use being significant issues in its design. The sampler components consisted of a Hoover Port-a-Power' vacuum unit (Model S7065-060), a standard flexible vacuum hose, a cupped, stainless steel mesh support screen in a lock-tight Delrin1 housing, and a 3 1/2-in. wide stainless steel steam cleaner detailer attachment (Production Metal Forming) that was connected via a 6-in. long stainless steel pipe to the dust collection housing. An ultra-thin 6 in.Â6 in. Teflon-faced/ polyester-backed filter (Sentinel; Quantec-Air), developed by Swanson et al. (1985) , was placed against the support screen and sealed by means of an O-ring between the two sections of the housing. The dust sample was an integrated collection of dust from a 4-m 2 area in the main living room and a 4-m 2 area in the primary respondent's bedroom. In each room, a 3-m 2 area was vacuumed in the center of the room, and a 1-m 2 area was vacuumed in accessible corners. Dust samples were sieved through a 62-m stainless steel sieve, and dust particles <62 m were split between analyses for metals and pesticides. For homes with minimal amounts of dust for collection, the entire sample was set aside for the metals analysis. After sieving, dust samples for pesticides analysis were stored in individual polyethylene bottles. The vacuum inlet was cleaned with water-moistened wipes between use, as was the screen and housing.
Window-Sill Wipe Sampling The collection of dust from window sills was performed using water-moistened gauze pads as wipes (one 4 in.Â4 in. pad cut into two; Johnson and Johnson SOF-WICK). Each wipe was moistened with 2 ml of distilled/deionized water. With a cotton-gloved hand, the field technician applied moderately firm pressure to a wipe as it was drawn across the length of a window sill in the main living room; the wipe was folded to the inside and the same sill area was wiped in the reverse direction. This collection procedure was repeated with the second wipe on a window sill in the bedroom. The sample wipes were composited for analysis and stored in a polyethylene zipseal bag for transport to the laboratory and storage until analysis; sill areas were recorded. All wipes were precleaned prior to use with methylene chloride (by Soxhlet extraction). Sampling with sill wipes was discontinued during the course of the program.
Dermal Wipe Sampling The collection of residues from the primary respondent's hands was accomplished using moistened gauze pads as wipes (two 4 in.Â4 in. pads; Johnson and Johnson SOF-WICK). Each wipe was wetted with 4 ml of isopropanol prior to use, and residents were instructed to wipe for 1 min with each wipe. The sample wipes were composited for analysis and stored in a polyethylene zip-seal bag for transport to the laboratory and storage until analysis. All wipes were pre-cleaned prior to use with methylene chloride (by Soxhlet extraction).
Yard and Foundation Soil Sampling A yard soil composite sample was collected from eight locations around the home, with each yard site located approximately 10 ±15 ft out from the foundation wall where foundation soil samples were collected. A stainless steel trowel was used to collect approximately 10 g of soil at each site, with soil being taken from no more than a 1-in. depth. All soil aliquots from the eight yard sites were composited (as were foundation soils) in a large zip-seal bag for transport to the laboratory and storage until analysis. Soil samples were not sieved prior to extraction, as this would have necessitated drying which would have caused volatilization of some fraction of native pesticides. Instead, the bag was tilted at an angle, shaken up and down about 10 times, and the 1 g aliquot for extraction was drawn from the smallest soil particles that congregated in the tip of the bag. This procedure effectively prevented extraction of small stones, sticks, and leaf detritus. Foundation soil sampling was discontinued during the course of the program.
Extraction Methods Air samples (filter and PUF), dermal wipes, and sill wipes were extracted with the Soxhlet technique, using $75 ml of acetone. The total extract was concentrated to 4 ml. Dust, yard soil, and foundation soil samples were extracted by sonication in 5 ml of acetone. A 4-ml aliquot (80%) was removed from the extract for analysis. Each sample was spiked with 250 ng of the surrogate recovery standard (SRS), fenchlorphos, prior to extraction; on completion of the analytical preparation steps, each extract was spiked with 100 ng of the internal standard (IS), trichloronate, for quantification. Both SRS and IS are structurally similar to chlorpyrifos and diazinon in that they are dialkyl thiophosphates. Though both have been used as insecticides, neither was used widely (and then only in agricultural applications), and are largely discontinued now.
All sample types were carried through the same solid phase extraction (SPE) cleanup step prior to analysis. For this cleanup, the 4 ml acetone extract was diluted to 100 ml with distilled/deionized water and applied to a conditioned C18 SPE cartridge (500 mg; BakerBond). Clean air was drawn through the cartridge for 40 min to remove residual water, after which the analytes were eluted twice with 2 ml of methyl-t-butyl ether, and the final extract was concentrated to 1 ml for analysis. In addition to this cleanup step, the dermal and sill wipe samples were taken through a preliminary cleanup step for elimination of lipids and oils. This procedure entailed solvent exchange of the initial acetone extract into acetonitrile; partitioning of the extract twice with 2 ml of acetonitrile-saturated hexane; application of the hexane layer to an Extrelut QE SPE cartridge (3 ml capacity; EM Separations); elution of the Extrelut QE with acetonitrile; combining of the acetonitrile fractions, concentration to 4 ml; and dilution with water to 100 ml for the initiation of the C18 SPE cleanup step.
Sample Analysis Extracts of soil and dust collected in the Stage II screening phase (Lebowitz et al., 1995) were analyzed using gas chromatography with electron capture detection (GC/ECD) (Model HP 5890; Hewlett Packard). Sample extracts from the Stage III confirmation and comprehensive evaluation phase of the project (Lebowitz et al., 1995) were analyzed using either GC/ECD for the sill and dermal wipes, or GC with mass spectrometric detection (GC/MS) for the air, soil, and dust extracts (Model HP 5971 GC/MS; Hewlett Packard). The GC conditions were identical for the two instrumental techniques: a DB-5 capillary column (60 mÂ0.25 mm id, 0.25 m film thickness; J&W Scientific), temperatureprogrammed from 90 to 1808C at 88 min À1 , followed by 180±2108C at 28 min À1 , then 210±3008C at 208 min À1 , and held at 3008C for 15 min. The GC/MS analyses were conducted in the multiple ion detection mode (MID), with the following ions monitored for each compound: chlorpyrifos, m/z 314 and 316; diazinon, m/z 304 and 179; malathion, m/z 173 and 158; carbaryl, m/z 144 and 115; fenchlorphos (SRS), m/z 285 and 287; and trichloronate (IS), m/z 297 and 299. Quantification was accomplished with the internal standard method (A S /A IS ), using linear regression over a five-point calibration curve (range 0.010±0.750 g/ml). Those extracts with pesticide concentrations that exceeded the calibration range were diluted and re-analyzed.
Quality Assurance/Quality Control (QA/QC) Activities Besides including an SRS and measuring its recovery in all samples, other standard QA /QC activities included the analysis of duplicate samples, where feasible, analysis of field and laboratory blanks, and analysis of field and laboratory-spiked samples. The results of these supporting analyses are detailed in Table 1 . As shown in Table  1 , blank levels were similar to the detection limits, and spike recoveries were acceptable, generally greater than 80%, except for hand-wipe samples which were considerably more difficult to handle. In addition to these QA /QC samples, one matrix sample from each batch of pre-cleaned sampling media (wipes, filters, PUF) was analyzed before field use, to ensure that materials met acceptance criteria.
VOCs
The primary and secondary VOCs selected for investigation in the NHEXAS Arizona field study were benzene, 1,3-butadiene, formaldehyde, trichloroethene, and toluene. Another 20 nonpolar VOCs were sampled in a subset of the homes chosen for characterization of VOCs.
Air Sampling In keeping with a major feature of the project design adopted for the NHEXAS Arizona study, we used passive sampling devices as a low-cost screening tool along with a reference sampling and analysis method (Winberry et al., 1990) for the nonpolar VOCs. The sampling devices used were passive diffusional badges and actively pumped sorbent tubes for the nonpolar VOCs, and passive sampler tubes for formaldehyde.
The passive samplers were used to collect fixed indoor and outdoor air samples in Stage III of the study (Lebowitz et al., 1995) . Although these samplers cause minimal participant burden and are suitable for personal sampling of VOCs and formaldehyde, it was decided, somewhat arbitrarily, to exclude personal samples for these pollutants from NHEXAS Arizona. This was based, at least in part, on the fact that the earlier TEAM studies, which generated a great deal of data on a number of nonpolar VOCs, had focused on personal air samples and supplemented these samples with fixed indoor and outdoor air, as well as breath samples. In this NHEXAS study, indoor and outdoor air samples were collected over a period of 6 ±7 days, using single-stage passive charcoal badges for benzene, toluene, and trichoroethylene (n= 170 indoors; n= 59 outdoors), and passive sampler tubes containing a sodium bisulfite-impregnated disk for formaldehyde (n =171 indoors; n=59 outdoors). Indoor samples were collected by co-locating the samplers in the main living area of each home.
Actively pumped multi-bed Carbotrap 2 300 (Supelco) sorbent tubes were co-located at a small subset of participant homes. The Carbotrap 300 tubes, which are designed to trap VOCs in the C 3 ±C 12 range, were used in both indoor (n=17) and outdoor (n=14) locations at these homes. The sorbent tubes were connected to a programmable pump that sampled for a total of 8 h in a 24-h period that overlapped with the much longer passive sampling period. The use of these multisorbent tubes allowed us to screen the indoor and outdoor air in the selected homes for all of the target compounds, except formaldehyde, and for additional nonpolar VOCs including styrene, xylene isomers, dichlorobenzene isomers, and 1,1,1-trichloroethane. The concurrent use of the passive and actively pumped samplers provided a means of checking on the performance of the passive badges.
To collect indoor and outdoor passive samples at a home, a specially constructed galvanized steel stand was used to mount one OVM 3500 sampler badge (for the VOCs) and one PF-1 sampler tube (for formaldehyde). The stand consisted of a 1.5 mÂ1.9 cm diameter (5 ftÂ3/4 in.) steel rod that was attached to a 1.9 cm (3/4 in.) tubular steel base. The stand was designed to hold the passive samplers at a fixed height throughout the sampling period. A 61 cmÂ1.9 cm diameter (24 in.Â3/4 in.) steel bar was attached to the top of the vertical rod. Two large-diameter galvanized steel funnels were inverted and attached to the crossbar so that they were about 45 cm (18 in.) apart. The samplers were attached to eyehooks that were suspended from the apex of each funnel, so that they were positioned in line with the base opening of the funnel. Previous work Liu et al., 1993) has shown that the funnels reduce extraneous face velocity effects on the sampling rates of the samplers (especially outdoors) and protect the outdoor samplers from rain.
For outdoor sampling, the base of the stand was attached to a sheet of plywood to withstand the effects of wind. For indoor sampling with the OVM 3500 and PF-1 units, the stand was placed in the main living area of the home, at least 1 m from any corners, walls, windows, air conditioners, and other ventilation devices, to avoid stagnant zones or direct drafts. For outdoor sampling, the stand was situated in the backyard of the home, at least 3 m from the house, trees, or walls. Once the sampling stands were placed in the designated locations at a home, one OVM 3500 badge was mounted inside one of the inverted funnels and a PF-1 tube was placed inside the other. For duplicate sample collection, two samplers of each type were placed side-by-side in the funnels. The samplers were left to collect samples for 6 ±7 days before they were removed and returned to the laboratory for analysis.
To ensure that the use of the protective funnels did not cause`starvation' of the samplers by hindering replacement of depleted air at the surface of each badge, side-by-side sampling experiments were conducted indoors and outdoors with the OVM 3500 and PF-1 badges, both with and without the funnels. The results are summarized in Table 2 . The data show that three of the six compounds measured in this comparison, namely, toluene, m-/p-xylene, and formaldehyde, occurred at levels well above their detection limits, and the differences in concentration obtained with and without the funnels were not significant. In the case of benzene, the apparent large differences in duplicate values are because the levels are close to the detection limit (0.48 g).
For the subset of homes in which actively pumped sorbent tubes were used, the indoor and outdoor samplers were co-located with the passive samplers. A computercontrolled constant flow pump (Model 224-PCXR8, SKC Inc.) was placed on the base of the steel stand used to hold the passive samplers. For the outdoor samples, the pump was placed inside a plastic container to protect it from the weather. An adjustable low-flow adapter equipped with a needle valve was attached to the pump to control the sample flow through the sorbent tube. To collect duplicate samples, a dual version of this low flow adapter was used. The outlet end of the sorbent tube was attached to the lowflow adapter; a 12 cmÂ1 mm id Teflon tube was attached to the inlet end of the tube. This tube served as a diffusionlimiting cap to ensure that the sorbent tube was effectively sealed during the time that it remained open but was not actively sampling air. Calculations indicate that a Teflon tube of these dimensions will result in a diffusional flow rate of about 0.003 ml/min, which is negligible (Yost, 1952) . The sorbent tube was mounted on the central vertical rod of the steel stand, so that its inlet was at the same height as the passive samplers.
After mounting the sorbent tube on the stand, the pump was programmed to sample for 1 min every 3 min at a flow rate of 8±12 ml/min, to give an integrated 8-h sample over a 24-h sampling period and a total sample volume of about 4 l. A start time delay of 48 h was programmed into the pump, to allow it to start sampling 2 days after initial setup and to continue sampling through the third day of the sampling period. Flow measurements were made during initial setup and during the final stages of sample collection on the third day.
Sample Analysis Exposed PF-1 tubes were analyzed using a procedure based on the National Institute of Occupational Safety and Health (NIOSH) Method 3500 (NIOSH, 1989) . Water was first added to the tubes to elute the collected formaldehyde from the filter. Then, after sequentially adding chromotropic acid and concentrated sulfuric acid, the tubes were capped and heated in a water bath for 15 min. The absorbance of the purple color that developed was measured spectrophotometrically at 580 nm to determine the amount of formaldehyde collected.
Analysis of the OVM 3500 badges involved first injecting 1.5 ml of low-benzene grade carbon disulfide (Aldrich Chemical) into the center port of the OVM 3500 cap. After replacing the cap, the badge was left to stand for at least 45 min, with occasional mild agitation by hand. Then, both ports on the cap were opened and the solvent was carefully transferred through the rim port to a 2-ml conical vial. The sample extract (2 l aliquot) was analyzed on a Hewlett-Packard 5890 gas chromatograph/ Finnigan MAT ion trap mass spectrometer (GC/ITMS 2 ), using a 60 mÂ0.32 mm id DB-5MS capillary column (J&W Scientific). Samples were injected using a HewlettPackard 7673A autosampler with injection in the splitless was operated in the full-scan mode. External sample quantification was accomplished using linear regression over five-point calibration curves. Carbotrap 300 sorbent tubes were desorbed using a thermal desorber (Model 10, Dynatherm) attached to a temperature controller (Model CN9000, Omega). During a desorption sequence, the desorber oven was ballistically heated to 3208C for 10 min, while the heated sorbent tube was purged with helium gas at a flow rate of 36 ml/min, and the desorbed compounds were transferred to a cryogenic preconcentration trap containing silanized glass beads (60/80 mesh). The cryogenic trap was attached to an automated GC system consisting of a Hewlett-Packard Model 5880 GC connected in parallel to a flame ionization detector (FID) and a Hewlett-Packard 5970 mass selective detector (MSD). During the transfer of the VOCs from the desorber to the trap, the trap was cooled to À1508C and the GC oven to À508C. After the 10-min transfer period, the trap was ballistically heated to 1508C and the sample injected onto a 50 mÂ0.32 mm id OV-1 capillary column. The GC oven was temperature-programmed from À50 to 2008C at 88 min À1 . The column outlet flow was split, with one-third directed to the MSD and the remainder to the FID. The MSD was operated in the full-scan mode. Samples were quantified by preparing calibration curves from sorbent tubes spiked with standards obtained from a gas cylinder, using a dynamic dilution system, and comparing the peak areas of the target compounds with those of the standards.
QA/QC Activities An extensive program of QA and QC activities was established and continued throughout the study. These activities included preparing and analyzing QC samples (blanks, spiked controls, co-located duplicates); undergoing an EPA field audit of the sample collection and analysis procedures used in the study; and participating in a series of round-robin exercises that were conducted under the auspices of the National Institute of Standards and Technology (NIST).
The results obtained for the QC samples are summarized in Table 3 along with the estimated limits of detection. Duplicate (co-located) samples were collected and analyzed to obtain an estimate of the combined sampling and analytical precision. Precision was measured for duplicate OVM 3500, Carbotrap 300, and PF-1 samplers using the pooled relative standard deviation (%RSD) of the pertinent dataset. For those analytes with data above the detection limit, the %RSDs for duplicate Carbotrap 300 and OVM 3500 samplers were all less than 16%. The %RSD obtained for benzene with the OVM 3500 badges was roughly three times higher than the value obtained with the Carbotrap 300 tubes. This probably resulted from the fact that many of the benzene values from the OVM 3500 badges were close to the detection limit. The detection limit for benzene with the Carbotrap 300 tubes was significantly lower (0.24 g/m 3 with Carbotrap 300 vs. 1.4 g/m 3 for OVM 3500) so that lower levels of benzene were more readily detected with the active samplers. The %RSD for formaldehyde with the PF-1 tubes was relatively high (34%). This was likely also due to the fact that almost all of the formaldehyde levels were close to the detection limit attainable with these tubes.
Results and discussion
Pesticides
Occurrences and Concentration Ranges Chlorpyrifos and diazinon were detected in all media sampled, albeit with substantially different rates of detection and at substantially different levels. Table 4 lists the detection rates for chlorpyrifos and diazinon in the different media. The data show that these analytes were detected most often in indoor sample media, specifically the floor dust and indoor air, compared with the outdoor sample media. Chlorpyrifos was detected in dust more frequently than diazinon (88% vs. 53%), although this may be due to differences in the GC/ ECD instrumental detection limits, which were 0.002 g/ml for chlorpyrifos vs. 0.007 g/ml for diazinon. The differences in detection rates for each analyte in yard soil and foundation soil suggest that either these products are applied in Arizona more frequently to foundations than to yard soils or that, when applied to lawns, they are volatilized and dispersed more rapidly than when applied to foundations. Table 5 provides an overview of the concentration ranges for chlorpyrifos and diazinon detected in the different sample media. The concentration ranges are presented in two different formats, depending on general trends in distribution. For both analytes in floor dust, the minimum and maximum levels are listed as a single range because there was no point in the concentration range where a significant gap occurred between successive members. In contrast, chlorpyrifos in dermal wipes and both analytes in indoor air showed a significantly different trend. There appeared to be a general concentration range over which there were no gaps in concentrations between successive members, and that range from minimum to maximum is represented by the first two values of the listed range. However, the final one or two highest sample concentrations, representative of the top 0.1±1% of the population values, were significantly different from the general maximum concentration. This maximum value detected is then represented as the third value in the concentration range listed. Table 5 hints at one of the analytical issues encountered in analyzing pesticides in residential media, where individual home use patterns may dramatically affect the levels therein. For these analytes, the dermal and sill levels would require a calibration range of six orders of magnitude, dust and foundation soil levels would require five orders of magnitude, and air levels would require four orders of magnitude. Both GC/ECD and GC/MS methods provide, at most, a calibration range of three orders of magnitude. The options, then, are to select analytical methods that provide detection of only the upper 10 ±20% of the population, or carry out extensive dilution so that the widest possible range of concentrations can be quantified. In choosing the latter approach, the analytes of concern could be detected in a substantial percentage of air and dust samples. However, the detection of these analytes in only 35% of the dermal samples suggests that even a wide calibration range, and an analytical method appropriate to the trace levels of dust, soil, and air, may not be sufficient to define a significant proportion of the distribution of these analytes in dermal wipes. Figure 1 presents the frequency distributions for chlorpyrifos in four major media: window sill wipes, house dust, indoor air, and hand wipes. The data are presented as the logarithm of the chlorpyrifos concentration against the cumulative frequency, with the latter scaled according to the normal error function (Wallace, 1987; Travis and Land, 1990; Ott, 1995; Shields et al., 1996) . The sill wipe, house dust, and dermal wipe levels are expressed in terms of a surface loading (g/m 2 ), and the air concentration is expressed as a volume concentration (ng/m 3 ). The surface loading for the house dust and sill wipes was determined individually for each sample, and represents the actual area wiped or vacuumed. To convert the dermal wipe value (total microgram collected) to a surface loading, we used the average hand area for adult men and women, 0.079 m 2 (EPA, 1996) . As shown in Figure 1 , the concentrations of chlorpyrifos in these four media are distributed log-normally throughout this population, and their profiles are similar. In particular, the frequency distributions for the dust and dermal wipe data have very similar slopes for the upper quartile of the population, suggesting that these two media are closely related by cause and effect. In addition, the similarity of the slopes for the frequency distributions for chlorpyrifos in air, dermal wipes, and dust suggests that these three media are closely related, and that its occurrence in dust and air may be responsible for the detectable levels measured on the hands. This finding is not inconsistent with the current understanding of exposures. First, most exposures occur in the residential environment. Second, chlorpyrifos has a substantial vapor pressure and, though typically applied to floors, is readily distributed into the air, either in the gas phase or as re-attached to airborne/resuspended particulate material. Finally, exposures to the skin can occur via direct contact with dust on surfaces, by direct impingement of particles from air onto skin, and/or by contact of the skin with vapor phase material. The distribution profile of chlorpyrifos on sills has a slightly steeper slope than those obtained for the other media. Chlorpyrifos on sills may be present in a relatively thin layer compared with the condensed layer of dust in carpets and, at lower surface loadings, there might be a greater tendency for chlorpyrifos to move into the gas phase rather than remain condensed on dust particles. Figure 1 . Logarithmic probability plots of chlorpyrifos concentrations obtained from dermal wipe, house dust, window sill, and air samples taken at residences in Arizona. Whitmore et al. (1994) . b EPA (1994) (used for ranges). c Mukerjee et al. (1997b) (used for median values) . d This study. e ND, not detected; less than detection limit in all samples. f NC, not calculated; detected in only one sample. g NL, not listed. h Simcox et al. (1995) . i Samples from agricultural family homes. j NA, not analyzed for diazinon. k Samples from non-agricultural family homes. Table 6 summarizes the detection frequencies for chlorpyrifos in the different indoor media, and also lists the concentrations at the median, 75th and 90th percentiles.
Comparisons with Other Studies The concentrations of chlorpyrifos and diazinon in indoor air, outdoor air, and house dust from this study were compared with available data from other studies. These comparisons are listed in Table 7 . The comparisons among median values for air and dust show that the NHEXAS Arizona study results in levels that are similar to those which have been reported previously for diverse communities. On the basis of the data obtained here, and specifically the log-normal distribution of concentrations in all media, it appears that it is unwise to compare mean values with median values. Clearly, one or two extremely high values, even out of a population of 100 to 200, can significantly skew the interpretation of the levels which may be found in and around homes.
In contrast with the previously reported studies, a higher maximum level is found in the population sampled in Arizona for pesticides in residential samples than has been documented before. While these very high values constitute only 0.1±1% of the total number of values, this trend indicates that there may be significant exposures among these members of the top 1% of the population. In general, the questionnaires suggest that residents did not exhibit a good understanding of the insecticides used around their homes. Most of the residents (70%) indicated that use of insecticides inside the home in the last 6 months was a`notapplicable' question; the response`do not know' was given <1% of the time. Approximately 14% of the population knew that insecticides had not been used inside in the previous 6 months, and this number corresponds roughly to the percentage of non-detects for chlorpyrifos in house dust.
Correlations Among Measures
The frequency distributions for chlorpyrifos and diazinon in house dust (in g/g of dust) are shown in Figure 2 . Very similar trends are observed for the two compounds, demonstrating a probable similarity in their use and distribution patterns. Since there was a very poor correlation between house dust levels and foundation soil or yard soil levels, it appears that the indoor levels are largely derived from indoor use, rather than from lawn applications, or infiltration of foundation-applied material through cracks and crevices.
The comparison between chlorpyrifos concentrations in house dust (as measured in g/g and g/m 2 ) is shown in Figure 3 . The good agreement shown there (r 2 =0.78) suggests that the slope obtained (m = 0.91 g dust / m 2 ) may Table 8 , together with the number of data pairs used for each comparison. Note that the comparisons were based on data pairs for which the analyte was detected in both media for a given household; no assumptions were made to allow utilization of non-detects (such as assuming a`true' concentration at half the detection limit).
The correlations between indoor air and dermal wipes are the strongest of those evaluated, with both Pearson and Spearman correlation coefficients of 0.998. Of the 114 available data pairs, approximately one-third of the pairs (35) showed chlorpyrifos on hands and in air, a second onethird (38) had no measurable chlorpyrifos on hands, but detectable levels in air, and another third did not have chlorpyrifos on hands or in air; 6% (seven) had chlorpyrifos on hands, but not in the residential air. Since the distributions of chlorpyrifos air levels in the two subsets were nearly identical, we surmise that a fairly standard activity pattern difference (e.g., length of time spent in the home or frequency of handwashing) existed between the two groups of people providing dermal wipes. The relatively poorer correlation between dermal loadings and floor dust loadings (and sills) suggests that house dust is less important than air for exposure among adults.
Our preliminary assumption that house dust is an adequate surrogate for more-difficult-to-collect media such as air, may not be supported by these data. The modest correlation between air and dust (low Pearson value, moderate Spearman value) suggests that more complex variables than simple vapor pressure govern the distribution between chlorpyrifos in dust and indoor air. Since the two media may not be closely linked as cause and effect, it is not altogether unexpected, then, to find that there are significant differences between the correlations of these media with dermal wipes. Since the dermal wipe with isopropanol removes surface and sub-surface pesticide residues, and air will contact all uncovered dermal surfaces (of which hands may be only a small part), these data suggest that dermal exposure to these compounds inside the home may be significant.
VOCs
Comparison of Passive Sampling Badges with Actively Pumped Sorbent Tubes A feature of the approach followed in the NHEXAS Arizona study was the use of passive sampling badges as a low-cost screening tool for three of the target VOCs (benzene, toluene, and trichloroethene).
To assess the reliability of these diffusional devices, actively pumped sorbent samplers were used side-by-side with the passive badges in a subset of the homes selected for characterization of nonpolar VOCs. For the comparison, if either sampler type (active or passive) yielded a value for either target VOC below the detection limit, that specific data pair was excluded from the comparison. Because of the large number of non-detects obtained for trichloroethene, the comparison focused on benzene and toluene. The relationship between levels of benzene and toluene measured with the co-located OVM 3500 passive badges and the actively pumped Carbotrap 300 tubes is shown in Figure 4 . The data show a bias toward the Carbotrap 300 data. Overall, the OVM 3500 badges appear to underestimate the benzene and toluene concentrations by up to 40% compared with the parallel active samplers. Although the bias noted here is quite large, it is nevertheless consistent with that reported by other researchers who, for the most part, conducted their evaluations under carefully controlled exposure conditions of concentration, temperature, and humidity (Cohen et al., 1990; Otson et al., 1992; Morandi et al., 1998) . Notwithstanding the bias in our measurements, the average concentration ratio of toluene to benzene is constant ($3.2) and essentially independent of the sample collection method.
To further evaluate the comparability of the passive and active samplers used in this study, we examined the concordance of the data using a method (Lin, 1989) applied to similar data by Mukerjee et al. (1997a) . In this approach, the value of the squared difference between concentrations for sets of same-species measurements from paired samplers is used as a measure of agreement of the two sets of data. When expressed as a relative measure, this quantity is called the concordance coefficient (Lin, 1989; Mukerjee et al., 1997a) , with values that range from À1 (no agreement) to +1 (perfect agreement). The concordance coefficient C is defined as the product of the Pearson correlation coefficient r and a bias correction factor B. The Pearson correlation coefficient measures the linear relationship between the two data sets, with +1 or À1 indicating perfect positive or negative correlation, respectively. The bias term measures the deviation (0 to +1) of the best-fit line from the 1:1 line, with +1 indicating no deviation and values closer to 0 indicating larger bias.
The results of this sampler comparison for the paired benzene and toluene concentrations discussed earlier are summarized in Table 9 . Toluene gave a very high concordance coefficient with a slight bias, as noted above, between the two sampler methods. Although the results for benzene were not quite as good, they were still quite acceptable. One possible source of the bias between the two sampling methods may be the sampling rate used to calculate the concentrations derived from the OVM 3500 badges. The sampling rates used here were not determined directly, but were taken from the manufacturer's sampling guide (3M, 1993).
Occurrences, Concentrations, and Indoor/Outdoor Ratios of Target Compounds Figure 5 presents plots of the logarithm of the indoor and outdoor toluene concentrations against the cumulative frequency. The data were obtained from measurements made with the OVM 3500 passive charcoal badges. The resulting plot for the indoor air is quite linear, indicating that the distribution of the concentrations is closer to log-normal than normal. This is consistent with the observations of others regarding VOC distributions (Wallace, 1987; Shields et al., 1996) . The plot for the outdoor air samples in Figure 5 is not as linear, covering a smaller range with values for the concentration that are significantly lower than those obtained for the indoor samples. Similar results were obtained for benzene and formaldehyde.
Of the five VOCs measured with the passive samplers, Table 10 indicates that toluene was the most prevalent, occurring at measurable levels in 86% of the indoor samples and in 47% of the outdoor samples. Formaldehyde and benzene also were detected with high frequency, especially in the indoor samples. Although the limit of Figure 5 . Logarithmic probability plots of toluene concentrations obtained from indoor and outdoor air samples taken at residences in Arizona. detection for trichloroethene with the passive samplers was similar to those for benzene and toluene (cf . Table 3) , the pollutant was only occasionally found in indoor air ($1%) and was not measured in any of the outdoor samples. In the nine-home Lower Rio Grande Valley monitoring study (EPA, 1994; Mukerjee et al., 1997b) , VOCs were determined by collecting whole-air samples in pre-evacuated stainless-steel canisters. Sampling was conducted in the spring and summer of 1993. In the spring phase, samples were taken at all nine homes; trichloroethene was detected indoors in six of the homes (median concentration 0.46 g/m 3 ) and outdoors at only one home. Six of the nine homes were also monitored in the summer; trichloroethene was detected indoors in only two of the homes; and none of the outdoor samples gave detectable levels. Given that trichloroethene occurs at low levels in residential air (Wallace, 1987; EPA, 1994; Mukerjee et al., 1997b) and that the detection limits for the chemical are much lower with canisters than with the passive samplers used here (0.03 vs. 1.8 g/m 3 ), it is not surprising that the detection percentage in the present study was very low (cf. Table 10 ). The actively pumped sorbent samplers were analyzed for the fifth VOC, 1,3-butadiene; the compound was observed in only a single indoor sample at a concentration of 0.6 g/m 3 . Table 10 also lists the indoor and outdoor median concentrations along with the values at the 75th and 90th percentiles, and the indoor/outdoor (I/O) ratios. Formaldehyde and toluene gave the highest concentrations, in that order, for all calculated statistics. Median indoor air concentrations of toluene, formaldehyde, and benzene, were higher than outdoor levels, in agreement with previous studies (Wallace, 1987; Sheldon et al., 1992; Mukerjee et al., 1997b) . Very high indoor concentrations were obtained for the secondary VOC p-dichlorobenzene at two homes (3949 and 4400 g/m 3 ). Although this could have been the result of inadvertent contamination, it is more probable that these high levels were due to the use of household consumer products, such as toilet bowl freshener or moth cakes in these homes (Wallace, 1987) . Shah and Singh (1988) . f Hawthorne et al. (1984) (residences). g Sexton et al. (1986) (mobile homes). h Carlier et al. (1986) . (EPA, 1994; Mukerjee et al., 1997b) for VOCs and with other studies for formaldehyde. In general, the medians were within a factor of 2 of the reported medians for both indoor and outdoor samples. Concentration maxima obtained in the present study for indoor benzene, toluene, and trichloroethene were, however, much higher than in previous studies, except for trichloroethene outdoors.
Relationship Between Air Concentrations and Activities
Previous studies (Wallace, 1987; Sheldon et al., 1992 ) have shown strong associations between elevated indoor air concentrations and certain activities or sources, such as smoking, use of certain consumer products, or specific household characteristics, including the use of air conditioning or running a gasoline-powered vehicle close to a home. As an example, Figure 6 compares the frequency distributions for toluene at non-smokers' homes that have an attached garage vs. those homes that do not have an attached garage. From the plots, the median toluene concentration in homes with an attached garage is 24 g/m 3 (n=40), but only 5 g/m 3 in homes with no attached garage (n =9). This result is consistent with the results of a study conducted by Sheldon et al. (1992) , in which the indoor air concentrations of several aromatic VOCs (benzene, styrene, xylenes) were significantly elevated in homes in which exposure to vehicle exhausts was likely to occur on a regular basis. Shah and Joseph, 1993; Wallace et al., 1991. 
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